The Andes are the most species-rich global biodiversity hotspot. Most research and conservation attention in the Andes has focused on biomes such as rain forest, cloud forest, and páramo, where much plant species diversity is the hypothesized result of rapid speciation associated with the recent Andean orogeny. In contrast to these mesic biomes, we present evidence for a different, older diversification history in seasonally dry tropical forests (SDTF) occupying rain-shadowed inter-Andean valleys. High DNA sequence divergence in Cyathostegia mathewsii, a shrub endemic to interAndean SDTF, indicates isolation for at least 5 million years of populations separated by only ca. 600 km of high cordillera in Peru. In conjunction with fossil evidence indicating the presence of SDTF in the Andes in the late Miocene, our data suggest that the disjunct small valley pockets of inter-Andean SDTF have persisted over millions of years. These forests are rich in endemic species but massively impacted, and merit better representation in future plans for science and conservation in Andean countries.
G eotemporal patterns of historical species assembly in the world's biodiversity hotspots and especially in species-rich tropical biomes are poorly understood. Many questions remain to be answered about how the biota of biodiversity hotspots were assembled and how comparable different hotspots are. To gain insights into these questions, we investigate plant species diversification in the tropical Andes, which contain ca. 40,000 plant species, ≈15% of the global total, in only 1% of the world's land area. Most of this diversity is found in the lowland and midelevation mesic forests of the Andean flanks. The "excess" of species in these forests largely explains why the Neotropics contain more plant species than both tropical Africa and Asia, and was hypothesized by Gentry (1, 2) to have been produced by recent, rapid species diversification coinciding with the accelerated orogeny of the Andes over the past 10 million years. Gentry's recent-species diversification model has received support from several dated phylogenies of plant clades with distributions centered in Andean mesic forests (e.g., refs. [3] [4] [5] . In other Andean biomes such as the páramo, other instances of recent speciation have been documented, including one of the most rapid episodes of plant species diversification (6) , although this is perhaps not surprising because these high-elevation habitats are geologically recent, dating from the Pliocene-Pleistocene. Considerable conservation attention has been rightly given to all these hyperdiverse Andean habitats that represent cradles of ongoing diversification (e.g., refs. 7 and 8). Here we present evidence for a very different and more ancient diversification history in Andean seasonally dry tropical forest (SDTF), a biome relatively neglected by scientists and conservationists in the Andes.
SDTF is found in scattered areas throughout the Neotropics from Mexico to Argentina that receive a 4-6-mo dry season too severe for rain forest species (9, 10) . SDTF is deciduous or semideciduous in the dry season, often rich in cacti and other succulents, and with few grasses in the ground layer (Fig. 1) . In the Andes, it occurs in valleys between ca. 500 m and ca. 2,500 m altitude, where a rain shadow effect creates highly seasonal rainfall (11) . These valleys are separated physically by higher areas of the cordillera, which are clothed in more mesic vegetation: midelevation montane forest (MMF) from ca. 2,300 m to 3,400 m and high-altitude grasslands (HAG; páramo, puna, and jalca) above ca. 3,000 m. More occasionally, dry lowland valleys are separated ecologically by intervening lowland areas that receive much higher rainfall. Because of the fertile soils and pleasant dry climate, SDTF, including inter-Andean valleys, has been impacted by human activities over millennia (12) , and it is the most threatened tropical forest biome (13) .
Remarkable late Miocene (8-12 Ma) fossils from southern Ecuador include multiple plant taxa characteristic of SDTF that are highly similar to or even potentially conspecific with extant Andean SDTF species (e.g., in the genera Tipuana, Loxopterygium, and Ruprechtia) (14, 15) . These fossils imply that Andean SDTF existed in the Ecuadorean Andes before the final, rapid phase of the Andean orogeny during the late Miocene, ca. 10 Ma (16, 17) . The age of Andean SDTF is further suggested by MiocenePliocene ages of plant lineages endemic to the inter-Andean valleys in Ecuador, Peru, and Bolivia (18) . Using the limited number of published, dated phylogenetic trees for Andean plants (Table  S1 ), a comparative examination of ages of species diversification in lineages endemic to HAG, MMF, and SDTF indicates that SDTF contains the oldest species and lineages with significantly longer times for speciation, in stark contrast to the HAG biome, which shows significantly younger mean species ages and lineages with higher rates of species diversification ( Fig. 2 ; two-tailed t test, P = 0.001; Fig. S1 ). We believe that the differences between SDTF and MMF would be more marked if dated phylogenies were available for the species-rich genera that are characteristic of MMF (e.g., Calceolaria, Ceratostema, and Bomarea) in which mean species ages might be younger. In contrast, the Andean SDTFs harbor few species-rich clades (19) , and we suggest our sample to be representative.
These old SDTF species may have been affected by the final phase of the Andean orogeny. Mountain-building could have either separated into smaller pockets a once more-widespread SDTF formation, or caused rain shadow effects that created suitable conditions for drought-adapted SDTF species in some valleys. The relative antiquity of Andean SDTF, its long-term separation in different valleys, and lack of dispersal between them may also explain the startlingly high plant species endemism in Author contributions: R.T.P. and M.L. designed research; R.T.P., M.L., G.P.L., and B.B.K. performed research; R.T.P., M.L., and T.S. analyzed data; and R.T.P., M.L., T.S., and C.E.H. wrote the paper.
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Here we use phylogenetic dating to examine whether lineages of Cyathostegia mathewsii (Benth.) Schery (Leguminosae-Swartzieae) found in separate inter-Andean valleys (Fig. 3) are old enough for their biogeography to have been influenced by the final phase of the Andean uplift. C. mathewsii is a shrub or small tree that grows at 500-2,300 m in present-day Andean SDTF (20, 21) . It is not known in the fossil record. We examine whether its widespread distribution reflects recent dispersal between valleys or is a more ancient pattern of dispersal limitation caused by the Andean orogeny, using time-calibrated molecular phylogenetic analyses based on plastid matK and nuclear ribosomal internal transcribed spacer (ITS) sequences generated from individuals of C. mathewsii sampled from throughout the species' range. We deliberately biased our phylogenetic dating analyses to younger dates to test most rigorously the hypothesis that the distribution of C. mathewsii reflects dispersal limitation caused in part by the Andean orogeny.
C. mathewsii was previously considered endemic to the Loja depression of southern Ecuador and the Marañon valley of northern Peru, but fieldwork carried out as part of this study has extended the known range of the species to also include the Apurimac and Mantaro valleys considerably further south in Peru (Fig. 3) . The Mantaro and Apurimac areas are adjacent, separated only by ca. 200 km of lowland mesic vegetation. They are separated from the Marañon area by ca. 600 km of high Andean cordillera that reaches altitudes of 4,000-5,000 m. The Marañon valley is also separated from the Loja depression by high cordillera, although in this area some passes reach only ca. 3,000 m. The hypothesis that the biogeography of C. mathewsii has been molded by the Andean orogeny predicts that the depth of genetic divergence should reflect the height and date of mountain barriers separating the SDTF areas. We test this prediction that suggests recent dispersal will have been most likely across the lowland mesic forest separating the Apurimac and Mantaro areas, but will have been unlikely across the high Andean cordilleras that separate Loja from Marañon, and these areas from Mantaro/Apurimac.
Results and Discussion
The ITS phylogenetic tree ( Fig. 3 ) has a topology consistent with long isolation of populations of C. mathewsii in all inter-Andean valleys except the Apurimac and Mantaro. Northern (Loja/Marañon) and southern (Apurimac/Mantaro) populations are reciprocally monophyletic, a signature that there has been sufficient time for lineage sorting (22) (23) (24) . Within the northern group, Loja and Marañon populations are also reciprocally monophyletic, indicating another ancient split. In contrast, the Mantaro accessions are nested within a clade that also includes the Apurimac accessions, rendering the latter paraphyletic, a signature of recency-either of recent colonization from the Apurimac to the Mantaro or recent vicariance of a wider population in this area. The matK-trnK phylogenetic tree (Figs. S2 and S3) corroborates the ITS results, showing strongly supported monophyly for each of the Loja, Marañon, and Apurimac/Mantaro populations. Such population level resolution is remarkable for the relatively slowing evolving matK-trnK locus that is often used to resolve relationships among genera.
The fossil-calibrated matK rates analysis of all Leguminosae estimated the mean age of the crown node (most recent common ancestor) of C. mathewsii as 9.4 Ma (SD 2.3), and of the stem node (its divergence from Ateleia) as 16.6 Ma (SD 1.8) ( Table 1) . Sampling of matK was sufficient to estimate the age the ApurimacMantaro crown at 1.4 Ma (SD 0.7). These age estimates are derived from rates of substitution ( Crown node ages are divided by species number to give a mean species age per lineage. Lineages were classified into three major Andean biomes: SDTF, MMF, and HAG. Number of data points (N) refers to the number of lineages identified from published dated phylogenies, and the number in parentheses refers to the number of phylogenies these data points were derived from.
reported for herbs by Kay et al. (26) , who reviewed ITS substitution rates in 28 angiosperm groups. Herbs would be expected to have a faster substitution rate than a woody plant such as Cyathostegia because of their faster generation time (26, 27) . To approximate rates of ITS substitution estimated for woody plants including tropical legumes (ca. 2.0-4.0 × 10 −9 ssy; ref. 26), the Cyathostegia stem age would need to be set at 35 million years, and the estimated age of the Cyathostegia crown would then be 18 million years.
Recent studies suggest that the Andean orogeny consisted of long phases of elevational stability, separated by rapid (1-4 million years) changes of 1,500 m or more (16) . The last such rapid change is thought to have started in the central Andes ca. 10 Ma (16, 17) , and the dates calculated for divergences in Cyathostegia are consistent with this late Miocene-Pliocene period of rapid uplift resulting in the isolation of separate populations of C. mathewsii. Mountain chains greater than 2,500 m would present a dispersal barrier for C. mathewsii based on its current ecology because it does not grow at altitudes greater than ca. 2,300 m (21). Multiple proxies indicate that the Central Andean Plateau (currently ca. 4,000 m) and its surrounding cordilleras (up to 6,000 m) were only at approximately half their current elevation 10 Ma (16), before this phase of rapid uplift commenced. As predicted, the depth of genetic divergence between populations of C. mathewsii reflects the height of the altitudinal barrier to dispersal. The valleys sep- arated by high mountains (Loja, Marañon, and Apurimac/Mantaro) contain well-supported monophyletic groups of populations subtended by long branches (Fig. 3 and Figs. S2, and S3 ). In the ITS tree, the deepest divergence is found between the southern (Apurimac/Mantaro) and northern (Marañon/Ecuador) populations because these are separated by mountains of 4,000-5,000 m altitude. If these mountains were half their current elevation 10 Ma, then they already would have presented a barrier to C. mathewsii soon after the late Miocene onset of mountainbuilding, which is corroborated by our dates. The Mantaro and Apurimac populations, separated by only ca. 200 km of lowland rain forest vegetation and no mountains, are shown by our data to have been connected much more recently, perhaps during drier climates of glacial periods of the Pleistocene, which would have favored spread of SDTF at the expense of rain forest (9) . A Pleistocene scenario is consistent with the age of migration from the Apurimac to the Mantaro, which is estimated with ITS data as between 0.8 Ma (Apurimac-Mantaro crown) and 0.4 Ma (Mantaro crown; Fig. 3 and Table 1 ). These young ages are in stark contrast to the older dates for the Cyathostegia crown of 5.4 Ma (ITS) and 9.4 Ma (matK).
Although age estimation based on branch lengths on phylogenetic trees is approximate, even our biased minimum age estimates based on ITS suggest that northern and southern populations of C. mathewsii have been isolated for at least 5 million years. The old monophyletic clades and coalescence within small inter-Andean valleys suggests long persistence of small, isolated, endemic SDTF populations. The inter-Andean SDTF system has been remarkably persistent, fragmented, and dispersal-limited for long geological periods. Field observations, coupled with inventory data (e.g., ref. 28) , demonstrate that C. mathewsii and many other species endemic to inter-Andean valley SDTF are locally abundant within individual valleys. This local abundance may reflect ecological drift to higher abundances, as predicted in a system that is little perturbed by immigration (29, 30) . The restriction of historical immigration by Andean mountain barriers may be reinforced in SDTF by phylogenetic niche conservatism (e.g., ref. 31 ) because the SDTF biome may only be open to immigration by lineages that already have drought adaptations to survive a seasonal environment (32, 33) , adaptations which are lacking in species from adjacent Amazonian rain forest and Andean cloud forest biomes. Furthermore, the SDTF ecosystem, unlike tropical savannas, is not prone to fire disturbance in the absence of humans, so saturation of the woody plant community (sensu ref. 29 ) may further restrict immigration. The ecology of SDTF may therefore accentuate the historically high degree of dispersal limitation and exert influence on phylogenetic geographic structure, which may be more marked in this biome than in rain forests (where no drought adaptations are required) and tropical savannas (which are disturbed by fire).
The deep DNA sequence divergences in C. mathewsii are consistent with a view of SDTF as a biome that has been remarkably persistent in isolated valleys in the Andes since the late Miocene. This view is further corroborated by the large number of endemic species found in some of these valleys, which we suggest have accumulated by a gradual process of allopatric speciation in evolutionarily persistent small patches of SDTF.
The Andean biodiversity hotspot has been highlighted as an evolutionary cradle of recent plant speciation (1, 2, 4-6), but within it we suggest that different biomes have contrasting diversification histories and that the history of this hotspot is complex. The Andean SDTF biome is distinct from neighboring biomes, and on the basis of the presence of late Miocene lineages such as those of C. mathewsii in separate dry valleys, it represents a museum of relatively ancient Andean biodiversity and a possible model system for studying the effect of vicariant or dispersal limitation processes on plant populations. Much attention has been given to the conservation of the Andean biodiversity hotspot (e.g., by Conservation International; http://www.biodiversityhotspots. org/xp/hotspots/andes/Pages/conservation.aspx;), but the evolutionary distinctiveness of the SDTF biome within the Andes has been neglected. Some of the most species-rich SDTF areas, such as the Marañon valley in Peru, are, to date, biologically very poorly known and entirely unprotected. We hope that further understanding of the distinct diversification history of SDTF may add impetus to its urgent conservation. Given scenarios of future warmer, drier climates in some areas of the tropical Andes (34), plants such as C. mathewsii, which have adapted to drought and have survived upheavals of Andean uplift and the vicissitudes of Pleistocene climate fluctuations over million-year time scales, may represent important resources for the future.
Methods
Datasets and Sampling. We sequenced 29 accessions of C. mathewsii (Table S2) , collected from diverse locations in Mantaro (9 accessions), Apurimac (9 accessions), Marañon (5 accessions), and Loja (6 accessions) for the ITS region, including the 5.8S subunit, according to methods of Schrire et al. (35) . To assess the monophyly of C. mathewsii and to ensure that age estimation was not biased by inadequate sampling of related taxa (cf. ref. 36 ) we sampled 23 ITS sequences representing 20 of 31 species of Ateleia, which is sister to Cyathostegia in phylogenetic studies involving chloroplast and nuclear DNA sequences and morphology (37) (38) (39) . Analyses were rooted using ITS sequences representing three species of Trischidium, estimated as sister to Ateleia and Cyathostegia (37, 38) . With respect to inferring species phylogenies, the utility of ITS sequences can be compromised by the presence of paralogs or pseudogenes within individuals (e.g., ref. 40) . In Cyathostegia, Ateleia, and Trischidium, PCR products were sequenced directly in both the forward and reverse direction, and these contiged cleanly. The 5.8S region revealed no evidence of indels and divergent sequences, and therefore no evidence of pseudogenes and other paralogs, intra-and interindividual, was detected in Cyathostegia, Ateleia, or Trischidium.
In the absence of a fossil record for Cyathostegia or its sister genera Ateleia and Trischidium that could provide direct age constraints for a dating analysis using ITS, we used age estimates derived from a molecular rates analysis of matK sequences representing the entire Leguminosae (25) . The original matK sequence data set of 335 sequences and 1,674 aligned sites (25) was expanded to 510 sequences by 1,713 aligned sites and included five additional sequences of Ateleia and Cyathostegia, contributing to a total of six accessions of each genus (Table S2 ). These accessions were chosen to sample the full phylogenetic and geographic diversity of Cyathostegia as determined by the analysis of ITS sequences here and of Ateleia as outlined in the molecular and morphological phylogeny of Ireland et al. (39) . PCR and sequencing protocols were according to Wojciechowski et al. (41) .
As a means corroborating the nuclear ITS phylogeny with an independent plastid dataset, we generated sequences for the matK gene and its flanking trnK introns for 15 accessions of C. mathewsii (4 Loja, 3 Marañon, 4 Apurimac, 4 Mantaro) and six Ateleia outgroup species. PCR and sequencing protocols were according to Wojciechowski et al. (41) .
Details of taxon names, voucher samples, and GenBank accession numbers are presented in Table S2 .
Phylogenetic Analyses and Dating. Sequences were aligned manually using SeAl (42) . ModelTest 3.7 (43) was used to select the best-fitting substitution model. Markov chain Monte Carlo (MCMC) analyses were run using MrBayes (44) for 5,000,000 generations with four simultaneous MCMC chains, sampling one tree every 10,000 generations such that 500 trees were sampled. The initial trees discarded as burnin were identified using the sump command in MrBayes, which identifies the generation at which separate runs merge and successive samples are not autocorrelated. Maximum parsimony analyses were according to Ireland et al. (39) .
In the matK dating analysis using the entire Leguminosae, the same 10 fossil constraints used by Lavin et al. (25) were used, and the root was fixed at 60 Ma, which represents the minimal age of the legume family (25) . Fixing an older root age would cause all age estimates more distal in the tree to be older, however slightly (25) . As such, age estimates reported in this study from matK are biased young. To calibrate the timing of divergences within Cyathostegia using the ITS phylogeny, we used the minimum age estimate gained from this matK analysis (12 Ma) for the divergence of Ateleia and Cyathostegia as a calibration point (Fig. 3 and Table 1 ). Because we wished to test the hypothesis that divergences in Cyathostegia are old enough to be explained by the Andean orogeny, our strategy was, therefore, to bias toward estimating younger ages. A second dating analysis for matK was carried out to investigate temporal congruence between markers using all 15 available sequences for C. mathewsii and the same 12 Ma root calibration (Fig. S3 and Table S3 ).
Because substitution rates in the matK and ITS phylogenies were identified as not rate constant with a likelihood ratio test, molecular dating analyses used the software package r8s (45) and the data-driven penalized likelihood rate-smoothing method and "pruning" the accessions of Trischidium from the trees. Input trees were derived from sampling 100 unautocorrelated trees at likelihood stationarity during a Bayesian analysis. The SD for age and rate estimates were derived from 100 Bayesian trees, thereby incorporating into the variance uncertainty in both topology and branch lengths.
Ages of Andean Plant Species Diversifications. Published dated molecular phylogenies of endemic Andean plant lineages were identified using the Institute for Scientific Information Web of Science database. Lineages largely found in the flanking lowland (below ca. 2,300 m) mesic rain forest areas on the eastern Amazonian flanks and in the Chóco biogeographic region of Pacific coastal Ecuador and Colombia were not included. A total of 22 studies were identified that included 38 Andean lineages (Table S1 ). Each lineage was assigned to one of the three major biomes found in the Andean cordilleras according to Cuatrecasas (46) : SDTF ca. 0-2,500 m elevation; MMF (e.g., cloud forests) ca. 2,300-3,400 m; and HAG (including Páramo, Puna, and Jalca) ca. 3,000-4,800 m. To categorize biomes for each Andean lineage, the elevational range of each species within a lineage was recorded from Brako and Zarucchi (47) and Jørgensen et al. (48) . Elevational ranges of species were then used to plot a frequency distribution of numbers of species present in 500-m elevational bands, and the elevational range of maximum species diversity was used to categorize each lineage into a biome (Table S1 ). To account for species diversity within Andean lineages, crown node age estimates were divided by the number of species, to derive mean species ages for each Andean clade. We also calculated time for speciation-the inverse of net species diversification ratefor each lineage, using both linear and logarithmic tree models to account for variation in tree topology (49) .
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